Abstract: Sugar palm fiber is one of the most abundant natural fibers used in biocomposites. However, prediction of the mechanical properties of such natural fiber reinforced composites is still challenging. Most of the theoretical modelings are based the micromechanical method. There have been little studies involving statistical approach for prediction of mechanical properties of natural fiber reinforced composites. In this study, the tensile properties of short sugar palm fiber-reinforced high impact polystyrene (SPF-HIPS) composites obtained by means of statistical approach were investigated and compared with the experimental observations and with micromechanical models available in the literature. Statistical approach was used to predict the performance of the composite part with different fiber loadings. A two-parameter Weibull distribution function was used to model the fiber length distribution in the composite. For the experimental validation, the composites were prepared by hot compression technique for different fiber loadings (10 %, 20 %, 30 %, 40 % and 50 % by weight). Tensile testing of the composites was carried out according to ASTM D638 to obtain the composites tensile strength and modulus of elasticity. Experimental results showed that the tensile strength of the composite reduced due to the addition of sugar palm fibers, whereas the elastic modulus increased by a factor of up to 1.34. The current statistical model predicted the tensile properties of SPF-HIPS composite close to the experimental values. It was found that statistical approach with standard micromechanical models can be used to predict the mechanical properties of sugar palm fiber reinforced HIPS composites. Hence, this study could assist in decisions regarding the design of natural fiber reinforced composite products.
Introduction
Short fiber reinforced polymer composites have been used widely in the areas of aerospace and automotive industries, military applications, biotechnology, electronic apparatuses, and high-end sport equipments. This is due to the fact that: they have lower per piece cost when replacing metals; they provide superior mechanical properties and attractive strengthto-weight ratio; and they have high resistant to chemical attacks. The reinforcements may be synthetic, such as carbon and glass, or natural fibers. Natural fibers have advantages over synthetic fibers due to low density, biodegradability, low abrasion to processing equipments, and due to the fact that they are produced from a renewable resources [1, 2] .
Sugar palm is a potential source of natural fiber from Arenga pinnata, a member of Palmae family. Over the last decades particular attention has been paid to natural fibers such as jute, sisal, hemp, banana, and many others. However, few research works can be found with study of mechanical properties of sugar palm fiber reinforced composites and all of them are experimental. For instance, Siregar [3] and Bachtiar et al. [4] [5] [6] have experimentally studied the mechanical properties and morphological aspects of sugar palm fiber reinforced epoxy composites. The moisture absorption behavior of sugar palm fiber reinforced composites and effects of environmental treatments on their tensile strength were studied by Leman et al. [7, 8] .
One of the main challenges in modeling natural fiber reinforced polymer composites is prediction of the mechanical and physical properties of the final part. The challenge is due to the reason that natural fibers exhibit large variations in properties, and due to the uncertainties associated to the environmental conditions (moisture, soil, temperature) in which these materials are produced [9] .
Many researchers have studied, reviewed, and highlighted the mechanical properties of various natural fiber reinforced composites. Alhuthali et al. [10] have experimentally examined the impact toughness, and flexural and impact strength of recycled cellulose fiber reinforced (RCF) vinyl-ester econanocomposites. They found out that strength properties were enhanced due to reinforcing effects of both RCF and nano-material. Angelo et al. [11] have applied analytical micromechanical models available in the literature (such as Rule of Mixture, the shear lag model, and Modified Rule of Mixture) to predict the stiffness of natural fiber reinforced composites.
However, up to the authors' knowledge, all the models developed so far are based on the micromechanical approach and have not included the effect of fiber size distribution in their calculations to determine the tensile properties of natural fiber reinforced composites. Almost all the models have considered an average fiber size to calculate the composite modulus and strength. This makes their results thus insensitive to the fibers size distribution. Therefore a new prediction model which includes the effect of fiber size distribution is necessary to accurately predict the composite modulus and strength.
Therefore, in this study a statistical approach with standard micromechanical models is employed to evaluate the tensile properties of sugar palm fiber reinforced high impact polystyrene composites (SPF-HIPS). This study can advance the previous prediction models by including the effects of fiber size distribution on the mechanical properties of the composite. The current model results are compared against experimental findings and existing standard micromechanical prediction models.
Experimental

Materials
Bundles of sugar palm fibers were obtained from Banda Aceh, Indonesia. The fibers were extracted from the bunch of the sugar palm tree. To produce short fibers, first the fibers were washed with water and dried using sun light for two weeks. Then the sugar palm fibers were crushed and sieved through 30 and 50 mesh screen producing fibers of length in the range of 0.8-2 mm and diameter from 99 to 311 µm. The polymeric matrix used was high impact polystyrene (HIPS) graded as Idemitsu PS HT50 which was supplied in a pellet form by Petrochemical (M) Sdn Bhd, Malaysia. The properties of High Impact PS-HT50 are listed in Table 1 .
Based on the study of Bachtiar et al. [12] , the degradation temperature of untreated sugar palm fibers starts at 238 o C. Data for the average mechanical properties of a single sugar palm fiber was obtained from the work of Sahari et al. [13] . In order to determine the tensile properties of sugar palm fiber, Sahari et al. has performed a single tensile test based on ASTM standard (ASTM D3379). A total of 30 specimens were tested with a 10 kN load cell using an Instron tensile tester 5566. The average physical and mechanical properties of a single sugar palm fiber are listed in Table 2 .
Composites Manufacturing
In this study, the effects of rheological parameters and chemical treatment on the melt mixing process and mechanical properties, respectively, were not considered. The Sugar/ HIPS composites were prepared by hot compression technique for different fiber loadings (10 %, 20 %, 30 %, 40 % and 50 % by weight). First the short sugar palm fibers were added to a viscous HIPS melt and compounded by using a melt mixer (Brabender Plasticorder intensive mixer model PL2000-6). The temperature and screw speed were maintained at 165 o C and 50 rpm, respectively, during compounding. The mix was then compressed through a hand-operated hot compressing Carver laboratory press at pressure of about 10 MPa and temperature of 165 o C. Finally, the composite sheets so obtained (with dimensions 150×150×3 mm) were removed after cooling the mold.
Tensile Testing Techniques
Tensile testing of the composite was carried out using an Instron Universal Testing Machine model 5569 at a crosshead speed of 2 mm min-1 and gauge length of 50 mm. Six specimens of each sample were tested according to ASTM D638 and the mean values were reported.
Scanning Electron Microscopy (SEM)
In order to visually inspect the interfacial bonding between the fibers surfaces and the HIPS matrix, the fractured surfaces of the composites after they are subjected to tensile testing were examined using scanning electron microscopy (SEM) HITACHI, S-3400N model.
Mathematical Model
The mathematical formulation is performed based on the following assumptions: perfect interfacial bond between the sugar palm fibers and the polystyrene matrix is attained during processing; stress is transferred via a shear mechanism; the fiber orientation distribution is uniform throughout the composite; and there is no porous formation during processing, i.e. the composite product is free of voids. Therefore, based on these assumptions, the modified rule of mixtures (MROM) can be applied to predict the tensile modulus and strength of the composite.
Formulation of the Tensile Modulus Equation
The MROM for the composite's tensile modulus, , can be expressed as [14, 15] : (1) where χ 1 and χ 2 are the fiber-orientation efficiency and the fiber-length correction factors, respectively; ϕ f is the fiber volume fraction; and and are the fiber and polystyrene matrix tensile moduli, respectively. The product of χ 1 and χ 2 is called the fiber efficiency factor. The fiber orientation factor, χ 1 , can be calculated accurately if the fiber-orientation distribution (FOD) is known. However, it can also be determined empirically having values between 0 and 1. For perfectly aligned fibers, χ 1 becomes unity, whereas its value equals 0.375 for planar random configuration. The factor equals 0.2 for three dimensional random orientations [16] . The expression for the fiber-length correction factor, χ 2 , can be found in the next section.
Formulation of the Tensile Strength Equation
Similar to the tensile modulus formulation outlined in the previous section, the ultimate tensile strength of the composite, , can be calculated by the MROM as: (2) where and are the ultimate tensile strength of the fiber and polystyrene tensile strength at the failure of the composite, respectively. Here, the fiber-length correction factor, χ 2 , is calculated according to Cox-Krenschel's model using the mean length of the fibers as shown in equation (3) [17] :
where , and , are the shear modulus of the matrix, cross sectional area of the fiber, the average fiber diameter, and the center-to-center distance of the fibers respectively.
Assuming that perfect adhesion between the fibers and the polystyrene matrix is obtained during composite processing, and the distribution of the fibers is homogeneous in an ideal packing square composite, then the center-to-center distance of the fibers can obtained by
Fiber Length Distribution Function (FLDF)
Most of the time, the composite contains fibers having various sizes, and orientations. The length of the fibers can be characterized by the probability density function, , where is the probability of finding a fiber with a length between L f and . Let be the probability that the length of a fiber is less than or equal to L f , then (6) Since every fiber has some length, the function f must satisfy the normalization condition:
To calculate the tensile properties of the composite, the function has to be known first. In this study the fiber length distribution was described by a two-parameter Weibull distribution function. The two-parameter Weibull Probability Density Function can be given as [18] :
where δ and µ are the scalar and shape parameters, respectively. Therefore, the number average fiber length (i.e., mean fiber length, ) can be calculated from equaion (9): (9) where Γ(x) is the gamma function.
Another form of Weibull distribution, i.e. the so-called Tung distribution has been given [14] :
for (10) where a and b are scale and shape parameters, respectively. Inserting and into equaion (10) , it then becomes the same as equaion (8) . Equation (10) has also been used successfully for describing the fiber length distribution in short-glass-fiber-reinforced composites. Due to its simplicity, the probability density function shown in equaion (10) will be used in this study as the fiber length distribution function.
Denoting the total number of fibers in the suspension by Λ and the number of fibers with a length from L f to by we get (11) Then, the volume sub fraction, ϕ i , of the fiber of length from L f to can be obtained:
Therefore, the tensile modulus and strength of the composite are contributed by the HIPS matrix and by all the sugar palm fibers having length ranges from to . Thus, equation (1) and (2) will, respectively, have a form: (3) and (12) in to equation (13) and (14), we get (15) (16) Replacing the summation by the integral and substituting the Weibull function into the equation, we get following strength and modulus expressions:
Results and Discussion
The experimentally obtained average values of Young's modulus and tensile strength of the SPF/HIPS composite for different fiber volume fractions (fiber loadings) are shown in Table 3 . It can be clearly seen that the tensile modulus of the composite increases linearly from 1.27 GPa for unreinforced polymer up to the pick value of 1.71 GPa for 26 % fiber loading by volume. The modulus then decreases to 1.66 and 1.65 GPa for 35 % and 45 % fiber loadings, respectively. On the other hand, the highest value of tensile strength is recorded for the unreinforced HIPS. Among the reinforced composites in Table 3 , the lowest and highest values for are registered for 26 % and 45 % fiber loadings by volume, respectively. This indicates that the addition of sugar palm fiber to the HIPS decreases the tensile strength of the final product. The reduction in tensile strength of HIPS when reinforced with natural fibers was also reported by Antich et al. [19] .
In the calculation of the strength and modulus of SPF-HIPS composites, it is assumed that the compression molding process will produce composites containing randomly oriented fibers. As a result, the effect of fiber misalignment on composite modulus and strength was taken into consideration. The scale and shape parameters values used in the calculation are a =0.52 and b=1.5, respectively. Figure 1 shows the developed model prediction results of tensile strength variations of the composite with fiber volume fraction. The transformation of weight fraction into the fiber volume fraction was calculated by using the formula (19) where W f , ρ f , and ρ ps denote the fiber weight fraction, the sugar palm fiber density, and the HIPS matrix density, respectively. The figure indicates that the tensile strength increases linearly as the volume fraction of the fibers increases. The addition of sugar palm fibers improved the tensile strength of the SPF-HIPS composite by 90 %, compared to that of the non-reinforced HIPS matrix, for the fiber volume fraction of 0.45 (wt. fraction of 0.5). Similarly, the elastic modulus of the composite increases linearly with an increase of sugar palm fiber volume fraction as shown in Figure 2 . For fiber volume fractions of 0.08 and 0.45, the elastic modules of SPF-HIPS composites are 1.3 and 1.45, respectively, times higher than the unreinforced HIPS matrix modulus. The linear increments of both elastic modulus and tensile strength of the composite with increasing fiber volume fraction indicate that the mechanical properties of natural fiber reinforced composites are highly affected by the fiber content of the composite.
Comparison of the characteristic average stress-strain curves for SPF-HIPS composite which are obtained using current statistical model, experimental and other micromechanical prediction models is presented in Figure 3 . The current model could predict closer values to the experiment followed by cox and series models. However, the parallel and Hirsch models over predict the elastic nature (flexibility) of the composite.
Shown in Figures 4 and 5 are comparisons of the variation in tensile strength and modulus values of randomly oriented SPF reinforced HIPS composites obtained using the current statistical model, experimental, and other theoretical models for various fiber loadings. The current statistical, cox and series model results show good agreement with the experimental results. However, the parallel and Hirsch models over predict the tensile strength of the composite. The trend of all predicted results is increasing linearly from low to high fiber loadings, whereas the experimental results show that the tensile strength decreases for some fiber volume fractions and increases for the other portion. At very low fiber volume fractions, the current, cox, and series models results are in good agreement with the experiment, however, as the fiber volume fraction increases the gap between the models and experimental results also increases. This might be due to the fact that the load is distributed through the well-dispersed fibers in the suspending matrix resulting uniform stress or strain at low fiber contents. On the other hand, the fibers will be agglomerated in the matrix at high fiber contents resulting uneven distribution of load between non-aggregated and aggregated fibers. Generally, the discrepancies between the predicted and experimental values might be due to incompatibility interface bonding between the fibers and polymer. Figure 5 can be clear evidence for this fact. From the SEM micrographs it can be clearly seen that there are significant gaps between the smooth fibers surfaces and HIPS matrix indicating poor interface bonding. Figure 6 shows comparisons of the tensile modules values of SPF-HIPS composites obtained using experimental, current statistical and other theoretical models. It can be seen that the predicted modulus values using the current model are in good agreement with the experimental values. Similar to tensile strength results, both parallel and Hirsch models over predict the elastic modulus of the composite.
Conclusion
Comparisons between experimental strength and modulus data and predicted results by statistical and other micromechanical models for sugar palm fiber reinforced high impact polystyrene composites has been performed. The experimental results showed that addition of sugar palm fibers to the high impact polystyrene matrix resulted in a decrease of tensile strength of the final molded part. Though the current statistical model predicted strength values close to the experimental data, the trend is increasing all the time. This discrepancy between the model and experimental results might be due to the reason that the interface bonding between the sugar palm fibers and HIPS matrix is very poor. On the other hand, the stiffness of the SPF-HIPS composite increased by a factor of between 1.3 and 1.35 due to the addition of short sugar palm fibers to the HIPS matrix. The current model could predict enhancement of the stiffness by a factor of between 1.3 and 1.46 which are in good agreement with the experiment. It was found that statistical approach with standard micromechanical models can be used to predict the mechanical properties of sugar palm fiber reinforced HIPS composites. 
